NASA CR-72296

FINAL REPORT

DEVELOPMENT CF

CADMIUM SULFIDE PHOTOVOLTAIC FILM CELLS

\‘ ; (ACCESSION NUMBER) {THRU,
i
i 1
E (coDE
ok (#acs)
H -4
- C// 7% 9 é S
H [

1 (NASA CR OR TMX OR A NUMBER) (caT8¥oRY)

Prepared For

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

OCTOBER 1967

CONTRACT NAS3-8515.

THE HARSHAW CHEMICAL co.



NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on be-
half of NASA:

A). Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained iIn this
report, or that the use of any information, appara-
tus, method, or process disclosed in this report
may not infringe privately owned rights; or

B). Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method or process disclosed iIn
this report.

As used above, "person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contractor,
to the extent that such employee or contractor of NASA, or
employee of such contractor prepares, disseminates, or provides
access to, any information pursuant to his employment of con-
tract with NASA, or his employment with such contractor.

Requests for copies of this report should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: AFSS-A

Washington, D. C. 20546



TABLE OF CONTENTS

Introduction
Film Formation by Close Space Vapor Transport

Film Dopant Study.

Discussi_on
Conclusions

Surface Etching of Cds

Non-Aqueous Barrier Solution Studies

Mclten Salt Baths
Organic Solvent Baths

Preformed Collector Grid Design

Electrodeposited Grids

Photoresist Masking e e
Electroplating Solutions. . . .
Antidiffusion Interface Metals.

Weight Reduction by Etching.

Pilot Line

Evaporation

Gridding.
Lamination.

Cell Testing.
Results

Appendix I

Page No.

1

12

16

16
17

22

24

25
25
26

27

27

27
29
29
29
31

50



i

DEVELOPMENT OF CADMIUM SULFIDE
PHOTOVOLTAIC FILM CELL

By

J. C. Schaefer, J. Evans, and T. A. Griffin

ABSTRACT

Control of the carrier concentration in the Ccds film has
provided improved yields. Voltages up to 0.55 volts and
cell conversion efficiencies up to 7.1% were reported
with typical cell efficiencies ranging from 4.0 to 5.4%.
The correlation between cell open circuit voltage and
carrier concentration of the film has been demonstrated.
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The scope of this program required studies directed towards
improvement in the reproducibility of high efficiency cells and
the elimination of storage degradation of Cds thin film solar
cells on molybdenum substrates. The objectives established for
the contract were (1) operation of a pilot line to investigate
iinprovements and to determine yields, and (2) to increase cell
efficiency by contrclled doping of the C¢ds film. It was found
that controlled carrier concentration affected an efficiency
increase and produced an increase in yield.

Studies have shown a correlation between film carrier con-
centration and final cell open circuit voltage. Carrier concen-
trations studied ranged from lO16 to 1019 carriers per cm3. Cel®
open circuit voltages ranged from 0.34 to 0.54 volts.

cds polycrystalline films were doped with group 1B acceptor
atoms copper, silver, and gold, and Group III B donor atoms cad-
mium, indium and gallium. It was not possible to detect the
dopants in the film when the starting material contained 0.01,
0.001 and 0.0001 atomic percent impurities specified. A large
excess of dopant was required in the initial charge in the boat
to obtain detectable amounts in the film.

Acid etching of the cds film before barrier formation was
found to be essential. Approximately 1 micron (0.5 milligrams
per sz) must be removed from a 25 micron thick evaporated Cds
film. Although sulfuric acid provided the most consistent re-
sults for the major portion of study, after process changes
were made hydrochloric acid yielded cells with the highest
efficiencies.

The barrier formation was examined from the standpoint of
aqueous and non-aqueous solvent baths. Organic baths produced
cells of slightly higher open circuit voltage but lower current
density than those from the aqueous baths.

Conversion from the mylar-nylon type of encapsulation to

the mylar-epoxy and the Kapton-epoxy types necessitated a change
in time and temperature for lamination. The heat applied to
the cell affected the junction and required continual reevalua-



tion OF cell processing. The epoxy type package does provide
a more stable cell.

Both the electroplated and the thermo-compression type
grids were investigated. Using a non-cyanide gold plating bath,
electroplated grid cells were fabricated with efficiencies up
to 5.3% on nominal 3" x 3" areas. As directed by NASA, the
electroplated grid process was discontinued In the seventh month.

It was demonstrated that a cds thin film cell can be griddcd
with as few as 20 lines per inch. This grid can collect the
current efficiently for those cells having a low barrier sheet
resistance.

Maximum cell efficiencies are reported as 7.1% for a 3.7 cm
cells and 5.4% for the 44 cn’ units (at a temperature of 25°C
and simulating conditions of air mass 1 100 mw/cm2 sunlight).
The light source used for these tests was calibrated against
standards provided by NASA-Lewis Research Center. The stan-
dards were calibrated at high altitude and terrestrial sun
light, and were cross referenced in the Le.rR.C. laboratory.
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Introduction

This report describes the research and development per-
formed on a thin film energy conversion device as a follow-on
effort to contract NaAs3-7631. .Thedevice converts solar energy
to electrical energy by means of a junction between cadmium
sulfide and copper sulfide. The completed device is thin,
Tlexible and lightweight. The contents of the report have been
arranged In a sequence corresponding to the order of fabrication.
A Tlow diagram has been included.

The thin film cadmium sulfide solar cell has been developed
sufficiently to become attractive as a space power source. The
problems of reproducibility in the production of high efficiency
cells and the retention of such efficiency over a long storage
period were to be studied.

Two objectives were established as a means of studying the
above problems. A laboratory assembly line for cell fabrication
was to be used to investigate improvements and to increase yields.
The second objective was to affect an increase in cell efficiency
by doping the cadmium sulfide.

This report discusses the methods used and iInterprets data
obtained in reaching these objectives.

Each processing step in the assembly line was evaluated and
reevaluated when indicated. Prior to the present work a large
variation in Film properties was evident. One of these is the
carrier concentration of the film. Pressure control during
evaporation has aided in regulating the carrier concentration.

As a result, the correlation of carrier concentration to cell
open circuit voltage has been demonstrated.

cds polycrystalline films were doped with group 1B acceptor
atoms copper, silver, and gold, and Group III B donor atoms, cad-
tum, indium and gallium. 1t was not possible to detect the do-
pants i1n the film when the starting material contained 0.01, 0.001
and 0.0001 atomic percent impurities. 2 large excess of dopant
was required in the starting material to realize detectable amounts




in the films. These cells were processed In the standard
manner. The majority of cells had linear I-V characteristics,
the remainder having very poor diode characteristics with low
current output and an open circuit voltage less than 0.35 volts.
With such poor characteristics 1t was not possible to obtain
meaningful capacitance measurements because of the very large
dissipation factors. Spectral response measurements were made
whenever possible but showed no significant variation from
those obtained for undoped cds films with the same carrier con-
centrations. The ceils made from the undoped cds films, which
were produced from the same evaporator, had an average efficiency
of between 4 and 5 percent. High efficiency cells were never
made from those films with carrier concentrations less than 3 X
10t7 per cms. Typical spectral responses for the undoped cds
cells are shown. These films all had resistivities of the order
of 1 om cm. The cells produced had capacitances of the order of
20 millimicrofarads per cm? .

The effect of etching the cds films was studied extensively.
Initially experiments showed concentrated sulfuric acid to be
the preferred etchant. After changes in cell fabrication tech-
niques, a repetition of the above experiments indicated that
dilute uCl was the better etchant. It gave higher current densities.

The barrier formation has been established as an exchange re-
action between copper (ous) and cadmium resulting in the formation
of a cuprous sulfide layer at the surface of the etched cadmium
sulfide. The amount and quality of cuprous sulfide formed is a
function of immersion time, temperature, and composition of the
bath. A saturated cuprous chloride bath is satisfactory but its
useable life 1s about three hours. A complex copper bath has
been developed with a lifetime of about three weeks. Immersion
times are always less than one minute at elevated temperatures.

Experiments with organic solvents and molten salts were
conducted 1n an attempt to reduce the amount of ambient water and
oxygen during chemi-plating. Bath temperatures were higher for
the molten salts and reaction rates were so rapid that most of

the cds was converted to Cu,S. The use of organic solvents



permitted bath temperatures up to 160°C. Salt concentrations
up to 1500 grams per liter were possible for the organic baths,
compared to 1.5 grams per liter in water. This made available
an excess supply of copper with a greatly improved bath sta-
bility.

Heat must be applied to the CdS—Cuzs unit to form a junc-
tion. The heat is obtained from (1) the barrier bath (90°C
for 5 seconds), (2) subsequent heat treatment (250°C for 2
minutes), and (3) lamination (190°C for 30 minutes). 1t has
been found that the heat treatment at 250°C should be tailored
to a given cell with the time range of 0 to 2 minutes. A
photovoltaic response before lamination is important in obtain-
ing a high efficiency cell.

Film Formation by Close Space Vapor Transport

The formation of cds films by evaporation is of such a
nature that more controllable methods are desirable. Close
space vapor transport (1) was chosen.

Although the details of the method varied during the in-
vestigation, certain essential features remained the same. All
film forming operations were performed in a vacuum bell jar
system. The cadmium sulfide charge was distributed evenly
across a flat pan. The substrate was positioned a short dis-
tance above the pan. Pressures of operation (gauge) were held
in the range of 1to 10 microns. The close proximity of the
substrate to the boat literally formed a closed box. The pres-
sure in this system was considerably higher than for evapora-

tion.

Boat materials selected for examination were tantalum and
quartz. The tantalum was attacked slowly producing a layer of
powder between the tantalum and the residual ¢ds. This also
changed the transport rate. The combination of a quartz boat
positioned on a tantalum heating strip was found to be sat-
isfactory. A thermocouple was attached below the heating strin.
A similar sensor was positioned above the substrate.



A heater was placed above the substrate to supply heat as
needed.

Substrate materials investigated were molybdenum, copper,
1010 steel, invar, copper-clad molybdenum, brass, chromium-
plated zirconium, and titanium. At the temperatures required
for transport, only molybdenum and titanium retained suitable
properties. Copper and copper-coated molybdenum deteriorated
because of conversion to copper sulfide. The Cds deposited
on the steel and invar lacked adhesion, while that deposited
on the chromium-plated zirconium adhered to some extent. Sand-
blasted molybdenum was the most suitable. Acid etched moly-
bdenum was not suitable for film thicknesses greater than 0.7
mil, [17ul.

An excess of cadmium in the f£ilm was not apparent as in
the case of evaporation. Dopants had to be mixed with the cds
charge to obtain lower resistivity films. Control and repro-
ducibility were considered to be good. Table 1 shows typical
results which are plotted in Figure 2.

Table 1

Data on Dopant Conc. and Resistivity - Vapor Transport

Film Dopant Film Film

Sample No. in Charge Thickness Resistivity

VvV 132 0 mol % 25y 4.3 X 10+4 ohm-cm
V 247 1.7 x 1072 29 3.8 x 10°

V 266 3.0 x 1072 12 1.9 x 10°

V 212 5.0 x 1072 22 3.8

V 263 5.0 x 1072 25 3.5

The general procedure was to evacuate and refill with argon

several times and to use a titanium strip as a getter. A gauge
pressure between 1 and 10 microns was maintained during each
run.

The boat temperature ranged from 600 to 900°C. The usual
temperature range was 830 to 850°C. A temperature differential



of 50 to 150°C was always maintained between boat and substrate
as opposed to a 800 to 900°C differnece for evaporation.

A phenomenon which had originally been assumed to be spat-
ter on the surface of the films was discovered to be whisker
growth of Cds. The growth was such that the whiskers would
flex and wave with changes in air current across the surface.
Figure No. 3 is included to illustrate the individual whiskers.
They appear to have had a molten tip during growth which solid-
ified on cooling.

Cells made from these films were not good. Better elec-
trical characteristics were noted for films from which the
whiskers had been removed. There are indications that in eva-
porated films those with small crystalline patterns produced
cells superior to those from films displaying large crystalline
patterns.

Cell quality of vapor transport films never equalled that
obtained from normal evaporation conditions. 1t may be that
the barrier formation procedures best suited for evaporated
films are not suited for the vapor transport films. A continu-
ation of this work would have to take this into consideration.
Film Dopant Study:

Discussion

This work 'was a study of the effect of doping the Ccds films
as a possible method of increasing cell efficiency.

The first approach was the doping of the cds powder to the
required level and then evaporating from a single source. Each
boat required 15 grams of Cds with 100, 10 and 1 ppm dopant respec-
tively. Batches of 200 grams were processed at a time. Initially,
this amount of powder was doped to the level of 0.01 atomic per-
cent and mixed thoroughly in a blender for several hours. Then
20 grams of this powder were mixed with a known weight of cds to
reduce the doping level to 0.001 atomic percent. This procedure
was again repeated to attain the lowest doping level of 0.0001
atomic percent. Calculations of carrier concentration were made
assuming that the composition of the evaporated film was that of
powder charge and that all the dopant and only the dopant was




ionized. The values obtained were 2 x 1018, 2 X 1017, and

2 X 1016 carriers per cm’ respectively. A comparison between
these calculated values and those obtained from Hall co-efficient
data i1s shown in Table 11. The expected correlation between
doping level and corresponding carrier concentration was not
evident.

In the undoped cds evaporated film, the carriers are due
to the excess cadmium incorporated into the cadmium sulfide

lattice. In order to see any effects due to dopant atoms, the
concentration of the excess Cd in the lattice would have to
16 3

be reduced to a minimum of 10 carriers per cm~. Then, for
example, the carriers provided by the dopant atoms (2 x 1010
per cm> at the lowest doping level) would be in the majority.
Therefore, a method had to be found to produce undoped cds films
of a controlled low carrier concentration.

In order to achieve this, a thorough investigation had
to be made of the parameters in the evaporation process that
play a dominant role in the properties of the final film. The
variables investigated were rate of evaporation and substrate
temperature. These two factors govern the rate of deposition.
The carrier concentration was then plotted versus rate of
deposition. The graph indicated that a low rate would produce
a low carrier concentration. The. evaporating system was then
completely modified. Cooling coils were incorporated on the
base plate and at the feedthroughs for the power terminals to
dissipate the heat produced during the long runs. Some eva-
porations required 24 hours. The results obtained both before
and after this change are shown in Figure 4. Those obtained
after the modification show a great deal of scatter indicating
that rate of deposition alone was not the only factor govern-
ing the carrier concentration, Films with the required low
carrier concentration were not obtained and the disadvantages
of running very long evaporations were numerous.



Table II

Doped Samples

Doping Level Calculated Hall Measurements
Sample Atomic Percent Carriers/cc Carriers/cc
A1-010-1 6.45 x 1075
Al-010-2 .01 A1 % 2 X 1018 Hall sample peeled
off Substrate
Al-010-3 3.9 x 1018
A1-001-1 1.5 x 1018
o 17 17
Al1-001-2 .001 Al % 2 x 10 6.25 X 10
A1-001-3 6.63 x 10°7
A1-001-1 7.15 x 10%7
A1-001-2  .0001 Al % 2 x 107° 6.25 x 1017
A1-001-3 2.01 X 1018
In-010-1 1.37 x 1018
Tn-010-2 .01 In % 2 x 1018 2.51 x 1018
In-010-3 5.45 x 1018
7.45 x 1018
18
In-001-1 2.4 X 10
5 17 18
In-001-2 .001 In % 2 X 10 2.23 X 10
In-001-3 1.66 X 1018
In—000l-1 9.26 X 1017
In-0001-2 .0001 In % 2 X 1016 1.01 X 1018
In— 00013 1.01 X 1018



A new approach was tried utilizing techniques similar to
those of vapor transport. 1In this case, the substrate tempera-
ture was 200°C, the boat temperature was 700-800°C and the
separation between the source and substrate was 4 cms. A dia-
gram is shown in Figure 5. Initially it was difficult to
produce thick enough films. This was caused by reevaporation
from the substrate in places that had received excessive heat
radiated from the boat. This was overcome by completely cover-
ing the €cds powder in the boat with a thin layer of ceramic
fiber, giving some protection and enabling much more uniform
films to be produced. This also eliminated the ejection of
cds grains from the boat. The adhesion between the cds film
and molybdenum substrate was improved by sandblasting the sub-
strate, but the films did not endure subsequent processing in
all cases.

During this time, a new technique had to be introduced to
measure low values of carrier concentration. The carriers in
the evaporated film have a low mobility. When this is combined
with the high resistivity inherent in films with carrier con-
centrations between 1 X 1018 and 1 x 1017 carriers per cm3,
operating conditions are such as to approach the limit of
resolution of the signal in Hall voltage measurements. Measure-
ments of the Seebeck voltage and temperature drop across the
length of the sample permitted the determination of low carrier
concentration from a calibration curve. This method has the
added advantage of being simple.

The close space method gave low carrier concentration Cds
films. Work then continued on doping films. In,S,, InCl, and
AlCl, were used as the dopants, but with no increase in carrier
concentration. 1t was suspected for In, S, that this was due
to low vapor pressure, therefore InCl3 was substituted. No
change was noted. Spectrographic analysis then showed that
the composition of the film was not that of the powder. In
fact the highest doping level of 100 pom in the powder gave
less than 1 ppm dopant in the final film.

The AlCl; gave poor results. At this point it appeared
likely that a chemical reaction was occurring in the boat con-
verting the chloride to the sulphide, which has an extremely

1 8



low vapor pressure. At a boat temperature of about 800°C
aluminum sulphide could not be evaporated.

It was possible to raise the carrier concentration in
the film by adding a large excess of dopant, that is for ex-
ample, 5 mgms impurity to 15 grams Cds charge used in the boat.
Many of these doped films were processed. They were character-
ized by a low open circuit voltage and a high series resistance,
the latter probably being caused by poor adherence between film
and substrate. Because of very poor dark curves and low fill
factor in the light curves, it was difficult to ensure meaning-
ful data from capacitance and spectral response measurements.

Because films produced by this close spaced method of
evaporation resulted in poor cells, the standard evaporation
procedure was resumed. One parameter that had not previously
been correlated with film properties was the pressure within
the bell jar. There is difficulty in obtaining an absolute mea-
surement of pressure between source and substrate, because it
IS not feasible to operate a gauge for any length of time in
an atmosphere where 1t would become coated with ¢ds. Monitor-
ing the pressure at some external point in the line did show

that a high pressure within the bell jar, in the range 10_4—

107> torr could give films of carrier concentration within the
range 1016 - 107%7 per cm3. A pyrex chimney introduced to en-
close the space between source and substrate-ensures more con-
trol over the atmosphere in which the film grows. (Figure 6.)
This also reduces the possibility of contamination from im-
purities remaining on parts within the bell jar. The chimney
was cleaned after each evaporation.

Films produced using the chimney had low resistivities
of the order of 1 ohm cm. Values of 10 - 100 ohm cm were
characteristic of films produced under the standard evaporation
conditions with the same carrier concentration. It became
apparent that there were certain minimum requirements for the
system from which films with reproducible, controlled character-
istics may be produced. The tantalum boats "age" rapidly and

are essentially different for each subsequent evaporation.



With the present design it is also difficult to position a
thermocouple such that it will remain free from corrosion and
survive the evaporation. The tantalum boat should be super-
seded by a quartz boat of different design, (2) in which the
thermocouple i1s fully protected, permitting the boat temperature
to be monitored throughout the run. This new boat combined with
the pyrex enclosure and uniformly heated substrate should make
possible the production of films with more consistent qualities.

Experiments were conducted to incorporate Group I-B acceptor
Impurities of copper, silver, and gold into the evaporated film.
As for the donor elements, an excess of acceptor dopant had to
be mixed in with the cds charge in order to detect any in the
film. Those films produced in the three cases had high values
of carrier concentration of approximately 1 x 1017 per cm3.

This was a factor of 10 greater than that obtained for undoped
cds film evaporated under the same conditions and is the reverse
of what might have been expected. It may be that the majority
of the dopant was migrating to the grain boundaries and not
being incorporated in the film as an acceptor. This, of course,
raises the question as to whether or not the Group ITII donor im-
purities might also have acted in a like manner.

There are two considerations which place doubt on this inter-
pretation. First, dopants are normally incorporated into a
crystal lattice with ease. Secondly, the surface of the doped
sample, on which the measurements were made, was leached in
cyanide to remove the dopant. The carrier concentration and
resistivity were remeasured but showed no significant change.

An explanation of this might be that only the surface dopant
atoms were removed allowing any change to go undetected because

of too low a sensitivity in the measurement. However, the results
are puzzling and must await further experimentation.

Conclusions

When undoped cds films are produced by the standard evapora-
tion procedure the carrier concentrations vary between the

limits of 2 x 1017 and 2 x 10%® per cm>. This is due to native

10



defects in the film, that is, excess Cd incorporated into the

Cds lattice. |In order to see the effect of dopant atoms the
concentrations of these native defects should be reduced to
16 3

10 per cm~. The reason for this lower [imit is that at

the doping level of 0.0001 atomic percent the carriers contri-
buted to the lattice would be 2 x 1018 per cm3 and would be

in the majority. Therefore, a major part of the time was devoted
to the investigation of the parameters which played a dominant

role in determining the carrier concentration of the pure evaporated
cds film. Methods described earlier were found to produce films
with carrier concentrations ranging from 1 x 10:L6 to 5 X 1018 per
cm3. It was then possible in the case of indium and gallium to
incorporate dopant atoms into the film, but the concentration
was always less than that of the starting material. No success
was achieved with aluminum.

The group IB acceptor atoms copper, silver, and gold were
incorporated into the film. The Seebeck voltage measurements
indicated an increase in carrier concentration rather than a
decrease which would be expected on adding a p-type dopant to
an n-type lattice. The results of making cells from doped
films have not been encouraging. The majority had linear I-V
characteristics. The remainder were very poor diodes having
open circuit voltages less than 0.35 volts, with low current
output.

Undoped cds films with carrier concentrations varying over
the range 2 x 10]’6 to 3 X 1018 per cm3 were investigated. Only
those in the range of 5 x 1017 and 3 X 1018 per cm’ and having
a resistivity in the order of 1 ohm-cm produced good cells. The
efficiency values were consistently between 4 and 5 percent.

Typical spectral response curves of these particular cells
are shown in Figures 7a and 7b. A comparfson of the two curves
shows a difference in cell output with the first curve showing
a greater overall response. The increase in response at 2.4 eV
In Figure 7a indicates that part of the junction is in the Cds.
The rapid decay of response above 2.5 ev in Figure 7b is not

readily explainable in terms of a simple p-n junction model.



Surface Etching of Cds

The goal of this study was to determine how the etching
of the cds film affected cell efficiency.

The etchants used were: concentrated HC1; 1:1 HC1:H,O,
concentrated sto4; 1:1 HZSO4:H20; 40% H1; 48% HBr and con-
centrated HNO,. The etching rates were obtained by immersing
samples of Cds films into each of the above etchants for var-
ious time intervals. The mass change of the cds film was
plotted versus the time of immersion. A representative set
of curves is shown in Figure 8.

The etching rates of 1:1 HCl:HZO and 40% HI are linear
with time. The etching rates of concentrated HC1, concen-
trated H,S0, and 48% HBr follow a square root curve. This
leads one to conclude that etching is diffusion limited
in the latter case. This limitation could be attributed to the
fact that the etchant is not in immediate contact with the

cds surface at all times during the etching process. 1In the
case of concentrated H,80,, where the etching rate is slower,
this is more obvious. After a film was exposed to H,S0, for

a short time a thin milky coating formed on the surface.

This layer obviously affected the etching rate. 1In order to
achieve an immediate contact between the etchant and the sur-
face the etchants were agitated. However, this did not make
all rates linear. 1t only increased them slightly.

There are two possible explanations why the etching of
the cds surface prior to the formation of the barrier layer
is beneficial. The etchants remove either any annealed thin
layers of ¢cds from the surface, or the amorphous Cds which is
deposited between the crystallites during the last phase of
the evaporation. Consequently, the amount of Cds removed or
the etching depth is of primary importance,

Having obtained the etching rates for all etchants in-
vestigated, the cds films could be etched to a predetermined
depth. Various amounts of Cds were removed ranging from 0.20
to 1.5 mgms per cm2. Cells were made from all the samples.
In general the values of open circuit voltage and short cir-



cuit current were comparable for all samples which had the

same amount of CdS removed. However, in the 1.0 to 1.5 mgms
per cm2 range the open circuit voltage values were low and the
shunt resistances were rather poor. These resulted in low
efficiency cells. The poor shunt resistance values and the low
values of open circuit voltage can be explained as follows.

When as much as 1.0 ngm per cm2 or more of cds i1s removed, the
etching along the grain boundaries of the crystallites was too
deep. Then when the barrier layer was formed the distribution
of copper sulfide was uneven. This resulted in a deeply pen-
etrating layer of Cu,s and poor 1-V characteristics. Because of
these observations 1t was concluded that 0.7 mgms per cm? of
Ccds is the permissible limit of the mass that can be removed and
0.3 to 0.5 mgms per cm2 was optimum. The amount of copper sul-
fide formed per unit area on a uniformly etched CcdsS surface is
independent of the amount of cds removed. The time of immersion
alone determines the amount of copper sulfide formed. A weight
gain after plating was detected. This confirmed that there is
indeed a double displacement reaction taking place. Two copper
ions in the cuprous state are substituting for each displaced
cadmium ion.

With the exception of HZSO4 and HNO3, the other etchants
did not leave any residues behind. The residue on the sur-
face of the cds after etching in H,50, can be adequately re-
moved with distilled water. Etching with nitric acid was not
examined thoroughly for two reasons. First, i1t attacks cds
violently and etches in a manner very difficult to control.
Second, it leaves behind areas of amorphous sulfur.

For the initial portion of this study H,S0, was the preferred
etchant because the resulting cells were more stable. Cells
made after HC1 etching, while initially as good as those made
after H,S0, etching, were less stable. However, when the en-
capsulating material was changed from Mylar-Nylon to Mylar-
Astrochemical cement, cells made using both H,S0, and HC1
etchants were stable. When a more efficient rinsing technique
was employed after etching 1:1 HCl:H20 was the preferred etchant
since the resulting cells had higher current densities with
higher efficiences. See Table 111.
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With any etchant the time was chosen so that approxi-
mately 0.5 mgms per cm2 of cds was removed from the film
prior to the formation of the barrier layer.

Non-Aqueous Barrier Solution Studies

Moisture has a deleterious effect on cds solar cells.
Oxygen has been found to change the p-type character of
Cu,S. See appendix 1. Complete removal of water and oxy-
gen during processing would seem ideal. To accomplish this
reduction or elimination it is necessary to substitute or-
ganic liquids or liquid salts for water. 1t must be kept
Iin mind that the barrier formation reaction is essentially
the substitution of 2 cu® for Cd+2 in the film. The pro-
blem then is to make baths that provide cuprous ions.

Molten Salt Baths

Cuprous chloride molten salt systems were examined and
several were found to have reasonably low eutectic melting
points. Table 1v lists some of the systems considered.

TABLE IV

Salt Systems

Approximate

Salts Eutectic Point Approximate Composition
CuCl—NH4Cl 120°cC 40 mol % NH4C1
CuCl-KC1l 130°C 65 mol % KC1
CuCl-RbCl1l 140°C 35 mol % RbCl
CuClz—PbCl2 290°C 70 mol % PbCl2
CuCl1-NaC1 315°cC 28 mol % NacCl
CuClz—CaCl2 400°C 15 mol % CaC12
CuCl-LiCl 420°C 20 mol % LicCl

Those systems with eutectic melting points under 300°C
were given serious consideration. Operation of such baths
In the liguidus range was feasible. Continual use of such
baths would gradually cause changes in the melting point.
Several of these systems were examined but were not adopted
because the reaction rates were too high. Many times too
large a portion of the cds film was converted to copper sulfide.
Reaction times were so short, of the order of a few

]
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seconds, that reasonable control was difficult.

The only successful operation was the very rapid immer-
sion and immediate retrieval of a A mil thick cds film in
the CuCl-KC1l bath. No output was apparent until after lami-
nation. The cell produced 0.43 volts and 14 ma for a 3 cm?

substrate area. The problems were proportionally greater
with increased bath temperatures.

The Conclusion is: Cells can be produced. The

procedure is not presently
practical because of:

a. Difficulty in controlling
the reaction time.

b. Difficulty removing the
film of frozen salts.

Recommendations: (1) Development of a very low tem-
perature bath with a eutectic
point about 100°C by the study
of 3 and 4 component baths.

For example: a KCl-Al Cl,-Cu
Cl bath should have a low™melt-
ing point since KC1-AlLCl, has
a 115°C eutectic point. “This
will permit the use of reason-
able immersion times.

(2) Development of such a bath as
in (LD)will make it possible to
vary the copper concentration.

Organic Solvent Baths

The results of an exploratory test to determine the solu-
bility of the salts, in some organic solvents are shown in
Table v. Cuprous salts have low solubility in the high dielec-
tric formamide, and in the low dielectric ethylene glycol. The
addition of the corresponding sodium salt increases solubility.
The formation of one or more complex anions iIs probably respon-
sible. It was surprising that this effect was noted for ethy-
lene glycol since such organics are seldom good solvents for
inorganic salts.

cds films were immersed in the baths listed in Table Vv

to determine whether a Cu-Cd reaction takes place. The evid-
ence was a dark layer on the cds.



TABLE V

Solubility Tests in Organic Solvents

Solvent
Formamide
Formamide

Formamide

Formamide

Formamide
Ethylene Glycol

Ethylene Glycol
Ethylene Glycol

Salt
Cul
CuBr

Cul + Nat

CuBr + NaBr

cucl + NaCl

CuBr * NaBr
CUl
Cul + NaI

18

Solubility & Remarks

None at Room Temperature
None at Room Temperature

Some at Room Temperature,
Clear Blue

Complete at Room Temperature

Complete at Room Temperature
Blue Solution

Some at Room Temperature
After 2 Hours

None at Room Temperature

Soluble at Room Temperature


http://Formarni.de

At room temperature, barrier regions were noted only for
the complex baths. The formamide solutions were blue. The
color may have been due to the formation of the cupro-ammonia
complex since formamide contains the NH,, radical. No photo-
voltaic output was noted for cells processed in this type of
bath. The ethylene glycol formed yellowish solutions indicating
the presence of the cuprous ion. Cells were fabricated from
this type of bath.

After a 10 minute immersion in the formamide-bromide
type bath a reaction was evident. Evidence of reaction occured
after 15 minutes for the ethylene glycol type. No immediate
photovoltaic effect was produced in either case. However, heat-
ing the cells made in ethylene glycol for 5 minutes at 200°C
produced a slight power output.

With time a green layer formed at the surface of the for-
mamide bath which gradually expanded toward the bottom indicat-
ing a rapid oxidation of the Cu+ to Cu+2.

The ethylene glycol bath appeared to be worthy of con-
tinued investigation. At 120°C the bath was clear and color-
less. This indicated a very low copper ion hydration level.

In order to determine what might be the best combination
of salts and ethylene glycol, four combinationswere tried.

These were NaBr+CuBr, NaI+Cul, LiBr+CuBr and LiI+CulI. There
were about 150 cells made in these four baths. The times and
temperatures of chemi-plating were varied. The results are
summarized in Table VI.

Based on the results in these tests, the LiI+CuI in ethy-
lene glycol appeared to be the most promising organic bath.

This bath was used in all subsequent experiments. 1t consisted
of 85 grams of LiI, and 70 grams of CuI in 100 ml of ethylene
glycol.

Several experiments were made using this bath. Chemi-
plating times and bath temperatures were varied. The best con-
ditions were found to be a 1 to 2 second immersion at 110°C to
120°c. Many cells were fabricated. In the majority of cases the
open circuit voltage was close to 0.5 volts, and in some cases it
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Bath

NaBr+CuBr

NaI+Cul

LiBr+CuBr

LiI+Cul

*

Cells were

TABLE VI

Ethylene Glycol Barrier Baths

Cells*
Isc

Best Cond. ma/cm2
120°C, 2 sec., 10 to 13
conc.

120°C, 1 sec., 51to 9
conc. or 70°C,

4 sec., coONC.

120°C, 2 sec., 5 to 10
Dilute (10 gr
CuBr, 12 gr Li
Br in 100 ml E.G.)
120°c, 2 sec., 10 to 13

conc.

Comments

Some of best cells,
but not very con-
sistant results.

Most consistant re-
sults

1" x 1". Many cells were 5%o0r greater in spite
of the rather low current densities.
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was greater. The highest voltage attained was 0.55 volts.

An example of the highest voltage cells is shown in Figure 9.
Even though efficiencies as high as 5.4% were measured, the
short circuit current remained low. The maximum current den-
sity was 16 ma per cm2. Most cells made in the organic bath
had current densities in the 10 to 14 ma per cm2 range.

Elsewhere in this report the relationship between open
circuit voltage and carrier concentration of the cds film
has been demonstrated. This relationship is shown for cells
fabricated using the aqueous plating solution. Films of
various carrier concentrations were plated in the organic bath
and no definite correlation could be established. Films with
carrier concentration in the range 5 X 10l7 to 2 x 1018 per
cm’ yielded open circuit voltages of 0.5 volts or greater.

Because of the higher open circuit voltages the organic
baths merit further investigation. An increase in current
density will provide a superior cell.

Several tests were made in an effort to improve the cur-
rent density. Various etchants were tried both before and
after chemi-plating. These included HC1, H,80,, and sulfur
solvents. The standard method of pre-etching seemed to be
of value when very long plating times were used.

The heat cycle after chemi-plating was varied. Low tem-
perature heating up to 2 hours did not improve the cell although
capacitance measurements indicated that wider junctions were
produced.

One of the greatest advantages of the organic bath over
the aqueous bath is the operating temperature. Temperatures
well over 100°C minimize the oxidation of cu® to Cu+2. An
experiment was conducted in which half of a group of films
was protected from oxygen during processing. Completed cells
revealed that the open circuit voltage was approximately the
same in both groups. However, the current density was greater
by a factor of 2 for the group protected from oxygen. This
group yielded some of the highest current densities obtained



(16 ma per cm’) .

The areas for experiments are the concentration of the
bath, the plating temperature, the plating time, the effect
of oxygen, and the heating cycle after plating. The scope of
the contract did not permit an exhaustive study.

Preformed Collector Grid Design

The current collector for the p-layer is composed of grid
lines In the form of a screen. Several factors affect the
collection efficiency. The final cell characteristics are
affected by grid adherence, conductance, transmission, and
quality of contact. A suitable grid was readily available but
was too expensive. In an effort to find an equivalent but more
economical grid certain problems were encountered.

Theoretical calculations (3} based on certain measured
parameters of the electroplated barrier cell indicated that a
grid with 20 lines per inch would be adequate. Experimental
results at that time indicated that commercially available 70
lines per inch grids provided the highest cell efficiencies.
These were electroformed precious metal grids. The best grid
that a vendor could supply at a reasonable price was etched
copper. A compromise at 50 lines per iInch was chosen.

The vendor encountered problems in making a grid from the
drawing submitted. (Figure 10). Fillets were necessary at
each line intersection for strength. The specified transmis-
sion level could not be attained. It was also difficult to
maintain the grid line width. Many of the grids received were
below the required 85% transmission.

A thin layer of gold was plated over the grid before
attachment to the barrier surface. This was necessary to
isolate the barrier from the copper and to improve adherence.
This caused a 5% loss In transmission.

Since the earlier calculations, many changes have been
made In the process. These include modifications in film
formation, barrier formation, and lamination.

Several 1" x 1" cells were made with various lines per inch




grids. (cf. Table VII). All cells were plated and processed
identically and simultaneously. The data indicated that the
heat cycle should be varied according to the grid spacing used.
The 20 lines per inch cells were superior to those with the 50
lines per inch. The difference in efficiency was more than the
4% difference in transmission. It was noted that the 20 lines
per inch gridded cells did not display a high series resistance.

Table viz Cell Data with Various Lines Per Inch

Cell Grid Trans VOC Isc Area EfT.

280-9 280 1/in. 67.5% 0.37v 27 ma 3.7 cm2 1.3%

313-8 280 67.5 0.34 28 3.7 1.0

313-1 90 85.3 0.41 40 3.7 1.35 Poor Curve

313-2 50 85 0.42 50 3.7 2.84

313-3 50 85 0.43 53 3.7 3.5

313-4 50 85 0.44 48 3.7 3.2

313-5 20 89 0.47 55 3.7 4.2 1V curve showed
poor shunt
resistance

313-6 20 89 0.47 57 3.7 4.0

313-7 20 89 0.46 58 3.7 3.25

The sheet resistance of several Hall samples of cds was
measured. Then a barrier was formed on the surface and the sheet
resistance of the combination was measured. The Hall sample from
film 313 (used In this test) measured only 630 ohms per square.
The Hall samples from seven other films varied from 330 to 4400
ohms per square. When the sheet resistance of the cds was com-
pared to that of the cds plus the barrier little difference was



noted. What this means is not clear. Another method of mea-
suring the barrier sheet resistance is needed. A circuit
similar to that used previously(4) where the potential is
balanced along the underlying layer should clarify the re-
sults.

There was not sufficient time to complete these experi-
ments. 1t does appear that, for certain films with lower sheet
resistance values, cell power can be iIncreased by reducing the
number of grid lines per inch. (See Table Vi)

Electrodeposited Grids

The electrodeposited grid technique is a method of apply-
ing a metal contact directly to the p-type cuprous sulfide
layer. The grid used was a 70 lines per inch, square con-
figuration which has an 85% optical transmission. Using a
photoresist masking technique the grid was deposited on the
p-type layer directly from a metal plating solution. Because
of the intimate contact provided by this method, electroplated
grid cells have been superior to all other types on thermal
cycling tests. The main improvement resulted from the use of
a non-cyanide gold plating bath. The cells from this bath
were more uniform in electrical and physical characteristics.

Metals which act as diffusion barrier between the p-type
cuprous sulfide and electroplated copper grid were investi-
gated. Copper in direct contact with the barrier degrades
the cell. Two interface metals, nickel and palladium, were
found to be unsuitable because they had a deleterious effect
on the cell output.

Up to this time efficiencies were low using either grid-
ding technique (electroplating or thermo-compression). The
thermo-compression type was favored because i1t did not entail
an immersion of the cell In an agueous solution and it did
not require as much setup time. Thermo-compression grids were
used exclusively during the remaining period.
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Photoresist Masking

A variable speed, high torque spinner for photoresist appli-
cation was designed and built. The turntable was equipped with a
vacuum chuck. Using this spinner, thick uniform photoresist films
with a few pinholes were produced. The best technique was found to
be a multiple coat method using decreasing spinner speeds. Two
coats of photoresist were applied, each followed by a 2500 rpm
spin. Two additional coats were applied, each followed by 1000
rpm spin. The coated cells were then dried in an air convection
oven at 60°c for 15 minutes. A Sylvania Sun Gun was used to ex-
pose the coating through a suitable mask for 90 seconds. A
developer and water rinse completed the photoresist procedure.

Electroplating Solution

One of the difficulties encountered in electrodepositing grids
IS the degradation caused by immersing the cell In an aqueous solu-
tion. The power loss due to a short exposure to moisture is re-
coverable by heat treatment. Non-aqueous plating solutions were
found unsuitable.(5) Therefore, aqueous baths must be used, but
immersion times should be minimized.

At the beginning of the contract period the procedure consisted
of an i1nitial deposition of a thin 24K gold layer (0.2 microns thick)
followed by a thicker layer (2.0 microns thick) of a high conductivity
gold alloy. This procedure evolved because the pure gold bath re-
quired an extended time (45 minutes) to obtain a grid of proper
conductivity. The gold alloy required only 12 minutes. However,
the gold alloy does not make a good ohmic contact with the p-type
layer. The initial pure gold layer provides protection while the
gold alloy layer provides conductivity. The total immersion time
for both processes was 15 minutes.

Both of the above baths were cyanide-complex types, buffered
to prevent the formation of free cyanide. When a commercial non-
cyanide gold bath became available, an investigation as to its
suitability was begun. This is a high speed (15 minutes for 3
microns) pure gold deposit which has a remarkably good appearance
even when plated on a surface as irregular as the barrier layer.

As opposed to the two step method above, this non-cyanide process
yielded shiny, well defined grids. The non-cyanide process was
adopted as standard after a comparison test based on cell photo-
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voltaic properties.

Two copper plating solutions, copper sulfate and copper fluoro-
borate were used to deposit grids. The Hull cell method was used
initially to determine the optimum plating conditions (100ma per
cm2) from the aspect of physical appearance. Cells plated at the
normally recommended current densities invariably resulted In non-
photovoltaic units with linear 1-V curves. Heating after plating
did not improve the units.

Both copper baths were then operated at the lowest current den-
sities recommended and were finally diluted to permit further cur-
rent density decreases (8 to 10 ma per em?® at 25°c). The best cells
obtained had low open circuit voltages (0.2 volts) and poor grid
adherence. These baths were i1nvestigated further in conjunction
with the plating of palladium and nickel antidiffusion layers.

Antidiffusion Interface Metals

Although copper is more conductive and less costly than gold,
attempts to utilize i1t as an electroplated grid metal have pro-
duced cells with low open circuit voltages. Spectral response
measurements show that the copper reacts with the p-type cuprous
sulfide layer converting it partially or wholly to cupric sulfide.
An interface layer of a diffusion-preventing metal may avoid this
problem. Two metals, palladium and nickel, were chosen.

Palladium was investigated first. Grids were electrodeposited
In three ways: Standard 3.0y Au; 0.2y Pd plus 2.0y Ad; and 0.2y Pd
plus 2.0u Cu. Compared to the standard gold, both groups of cells
plated with palladium had 20-40% less short circuit current. Those
plated with copper had 10-20% less open circuit voltage. Thus,
palladium is not a desirable interface metal.

A similar series of tests were conducted using nickel. Be-
cause of low open circuit voltages nickel was also rejected.

Results

The best cell produced was a 44 em® cell of 5.3% efficiency.
The characteristics of the best cells are listed in Table VIII. It
should be noted that the electroplating procedure was discontinued
before a substantial number of high efficiency cells were produced
by any gridding technique. For this reason, only a few 4% cells
with electroplated grids can be listed, since only a few of the
Tilms processed were potentially 4% cells. Only 16 out of 116
electroplated gridlcells had efficiencies above 3%.
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TABLE vIII
ELECTROPLATED GRID CELL EFFICIENCIES

vocC Isc Pwr Area
Cell No. Volts ma mw cm2 Efficiency 2
39c .43 760 231 44 5.3
219D .49 650 175 44 4.0
225D .46 720 218 44 5.0
259C .44 595 167 38.5 5.0
259D .44 680 191 38.5 5.0
235-2 .43 700 202 47.5 4.3

Weight Reduction by Etching

Molybdenum of 2 mil thickness iIs used as a substrate to
facilitate handling through lamination. After lamination, the
excess molybdenum can be removed from the rear of the cell by
etching. An acid spray etching chamber was used. Four 3" x 3"
cells were etched simultaneously. The acid solution was sprayed
against the exposed substrate surface for a period of about three
minutes. Rinsing and air drying completed the process. The
molybdenum thickness ranged from 0.3 to 0.5 mil after etching.

On the average, a finished 3" x 3" cds cell [active area 44 cm2]
weighs 4 grams. After etching the average weight iIs reduced to 1.8
grams. The yields are exceedingly high. Efficiency and power out-
put remain unchanged.

Pilot Line

Evaporation

Evaporation of cds thin films has become a more controllable
and better understood process as a result of changes in technique.

The method of preparation of the substrate was improved. Pre-
viously it was etched prior to the evaporation of the cds. NASA
noted, however, that cells which has been subjected to tests showed
a separation of the cas film from the substrate. This i1s detri-
mental to the performance of the cell, because of iIncreased series
resistance. Adherence was improved by sandblasting the substrates.
This improvement should result in less damage during thermal
cycling.
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The nature of the cds film, i.e., its physical and electrical
properties, largely determines the performance of the solar cell.
For this reason it was of great importance that control be achieved
In evaporation, Prior to this contract, the evaporation para-
meters were standardized but the film was not sufficiently uniform.
During this contract, steps were taken to improve their reproduci-
bility. The carrier concentration and the resistivity of the film
were taken as parameters. The most desireable range of carrier
concentration for the best cells was from 5 x 1017 to 2 x 1018

per cm3. Using undoped cds powder, the carrier concentrations
ranged from 1 X 1017 to 4 X 1018 per cm3. With the standard evap-
oration technique no films were obtained with carrier concentrations
in the range of 5 x 10:L7 to 9 x 1017 per cm3. It was imperative
that these values be achieved. By controlling the pressure in the
bell jar during the evaporation these values of carrier concentra-
tion were attained.

A plot of the carrier concentration of the initial cdas film
versus the oran circuit voltage of the final cell shows a result
of the present pilot line operation. See Figure 11.

Despite the effort made to control the physical character-
istics of the films within a certain range of values, they still
exhibit some individuality when made into cells. This is in part
attributed to the factithat all Hall measurements are made on a
film produced simultaneously on an insulating substrate. 1t is
possible that the properties reported are not necessarily identical
to those of actual film. Films treated simultaneously and in the
same manner can give cells with different outputs. Occasionally,
pieces out of the same 6" x 6" will vary. 1t was decided to take
one 3" X 3" piece out of each film, cut it into nine 1" X 1"'s,
and use these to determine the exact procedure of making the best
cell from that film. The standard test consisted of determining
the optimum plating times and the amount of heat the cell required
prior to lamination.

The control of the carrier concentration of the ¢ds film and
the "tailoring™ of the heat prior to the lamination of the cell
resulted in the increase of the efficiencies of 3" % 3"'s. Near
the end of the reporting period, 50%of cells had efficiencies
between 4.0 and 5.4%. The 1" x 1" cells had high efficiencies.
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The majority ranged from 5.0 to 7.1%. See Table IX.

Gridding

The grid was changed from gold mesh to gold-plated copper mesh.
The design of the grid (Figure 10) was altered so that spotwelding
of the positive lead was eliminated. An extension of the grid it-
self became the positive lead. To ensure a good contact to the
surface of the cell, the grids were attached by heat and pressure
prior to lamination.

The gold-plated copper grids are thermo-compressed onto the
cell by passage through heated rollers. (6) It was necessary to
electroplate gold onto the copper mesh to improve the adherence of
the grid and to prevent copper from contacting the barrier layer,
since cells made with unplated copper grids were unstable. Two
microns of pure gold were sufficient for adherence and stability.
Bismuth, and gold alloy were tried as interface metals but were
found unsuitable.

Lamination

Substantial progress was made in the laminating process.
Previously, a combination of mylar-nylon was used, but this com-
bination was not a satisfactory moisture barrier. Astrochemical
cement. (7) was found to be a better moisture barrier and was sub-
stituted for the nylon. 1t was sprayed onto the mylar or Kaptan
sheet. The composite plastic-epoxy was used as the encapsulant.
This necessitated a change in the lamination cycle. Previously,
the cycle was 15 minutes at 230°C. The exposure of cells to the
high temperature of lamination resulted in excessive heat treatment.
The temperature to cure the epoxy iIs 190°C. This was adopted as
the new temperature of lamination with a 30 minute cycle time.

Cell Testing

A new simulated sunlight test setup was devised to measure
cell performance in a manner consistent with that used by the con-
tracting agency.

The test equipment incorporated a light source patterned after
that used at Lewis Research Laboratory, NASA. (Figure 12) The
lamps used were four 650 watt General Electric Sun Guns. The
General Electric bromine type and the Sylvania iodine type sun
guns were found to provide identical results. The General Electric
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lamps were selected because of their convenient size, shorter
filaments, and higher power. The shorter filaments are closer
to being a point source.

The second important part of the test set-up was the filter.
It consists of a lucite box with two 12" x 12" windows which are
2" apart. The space between the windows i1s completely filled with
0.1% copper sulfate solution. It has a reservoir in the rear to
supply solution to compensate for evaporation. In addition a
pyrex plate was mounted over the filter box to reduce the infrared.
The cells used for standardization were calibrated by NASA. The
I-V data was taken from an oscilloscope or an x-y plotter.

Results

Oof the 800 3" x 3" cells made on the pilot line, 450 were de-
livered to Le.R.C. These figures do not include cells made for other
contract purposes. Each major fabrication step was studied and
modified for optimum cell output. The final result was the pro-
duction of cells ranging from 4.0% to 5.4%with a yield rate of
about 50%. An 1-V curve of a typical 5%cell is show in Figure 13.
This result was confirmed at LeR.C. The highest efficiency cell
[3.4 cm2] obtained in the laboratory was 7.1%. The I-V curve is
shown in Figure 14. A plot of the cell efficiencies for the con-
tract period i1s shown in Figure 15.

An engineering drawing of the particular cell construction
used during the investigation is shown in Figure 16.
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Figure 12 SIMULATED SUNLIGHT TEST APPARATUS
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APPENDIX 1

FURTHER CONSIDERATIONS ON THE MODEL FOR
THE cds SOLAR CELL

BY

E.R. Hill, B.G. Keramidas, and D.J. Krus



FURTHER CONSIDERATIONS ON THE MopeL (1) (2)
FOR THE cds SOLAR CELL
E.R. Hill, B.G. Keramidas, D.J. Krus
HARSHAW CHEMICAL COMPANY
Division of Kewanee 0il Company

Introduction
This paper proposes a model for the cds solar cell which
accounts for all the major features. It uses only physically
evident material properties and does not require traps or
metastable states. Our conclusion is that, In fact, traps are
physically mobile impurity ions.
The cell itself Is a p-n junction whose characteristics
are altered by the presence of mobile impurity ions. It is
proposed that the structure consists of n-type cds iIn and on
which p-type Cu,s is grown, and that the rectifying junction
changes geometry and characteristics due to Ion motion 1IN
applied electric fields. This is 1In contrast to normal semi-
conductor diodes where p and n materials are in contact, but
the impurity ions are assumed to be fixed. The model supposes
that both cds and Cu,s are semiconductors to which simple
band theory can be applied. The mobile i1ons provide the only
deviation from standard p-n junction theory and give rise to
all anomalous behavior. After a brief description of the de-
vice, the discussion divides iInto four sections:
1). Properties of cds
2). Properties of Cu,S
3). Evidence for and mobilities of ions
4). Microscopic picture of junction formation and behavior
Description
The cds solar cell i1s a heterojunction between semicon-
ducting cds and Cu,s., The cds is n-type single crystal or
polycrystalline evaporated film. The Cu,s is p-type and is
(1)This work was supported by a grant from the Harshaw
Chemical Company and in part by NASA, Lewis Research
Center.

(2)paper presented at IEEE Sixth Photovoltaic Specialists
Conference, March, 1967.




chemically formed from a portion of the ¢ds. The impurity ions
in these two materials have high mobilities by solid state stand-
ards, producing many unusual properties. A schematic physical
picture is shown in Figure 1.

I. Properties of cds

The cds used iIn this device i1s a conductive single crystal
OK an evaporated thin film. It has the characteristic optical
absorption edge at 2.4 ev which means that a periodic structure
must be present. Hall and Seebeck coefficient measurements show

n-type conductivity with carrier concentration ranging from 1015/

em® to 1020/ 3. Mobilities iIn the crystal are about 200cm2/volt—
sec, and about 1 to 10 cm2/volt sec, 1In the evaporated film.
Consequently, resistivities will range from 1072 to 102 ohm=-cm,
P-type Cds has never been reliably observed despite considerable
effort and diligent searching. Consequently, this will not be

considered as part of the cell.

II, Properties of Cu,3

Cu,8 iIs always made from a portion of the cds by chemical
reaction. The reaction iIs described by:

cas + 2cu’ = cuys + catt

It can be carried out in a number of ways, such as by
immersing Cds into an aqueous solution of cuprous chloride.
Evidence that Cu,s 1is indeed the product is found by simple
weighing processes. Cds powder is weighed and then treated
with the cuprous ion solution. It is dried and weighed again.
The resulting powder is etched with KCN-water which does not
affect cds, but removes copper and its compounds. This residue
Is dried and weighed. Two copper atoms weigh 15 grams/mole
more than one cadmium atom, so the powder gains weight in the
reaction. The weight loss in the KCN etch is the weight of the
cu,s formed, which is 159 grams/mole. The data for the ex-
periment is:

Cds mass = 12.0512 gm
Powder mass after reaction = 12.4250
Mass change = *+ .3738 = 2Cu-cd
Mass change in KCN rinse = -3.4170 = -Cu,S

i = 23.4170 _ g,
Maéé cHanae in FGACfIOH - F 3738 ~ -



This same ratio when calculated for the displacement of a Cd++
e ~ T30 = T10.8
Clearly, this material 1is Cu,s.
IT a solution containing cupric ions Is used, such as

Cu (NO3), and water, the resulting product is cupric sulfide.
This is proved by repeating the previous experiment. Inthis
case the powder loses weight, since one copper atom weighs less
than one cadmium atom. The data i1s as follows:

cutt + cds = cus + cgtt

cds mass = 12.5240 gm
Powder mass after reaction = 11.2910

by 2cu’ is

Mass change = -1.2330 = ¢u-Cd
Mass change in KCN rinse = -2.6610 = -CuS
Mass chanage in KCN -2.6610 _ +2.16

Mass change in reaction =~ =1.,2330
The calculated ratio fox the displacement of a ca*tt by a cutt

= -Cus -95.5 _
'S co-Ccd~ Ta89 = 1%

Clearly, this material. iIs Cus.

The solar cell using Cu, S shows a strong spectral response
in the infrared with an absorption edge at about 1 ev, as shown
In Figure 2. The shape of this edge is typical of a semicon-
ductor and is sufficient to show the presence of a lattice
structure. Further evidence for semiconduction is found In
Seebeck coefficient and resistance measurements. Figure 3 shows
the steps 1In this process. A ¢ds film is evaporated onto an
insulating substrate. Its Seebeck coefficient and resistance
are measured. Next a layer of Cu,3 iIs formed and the Seebeck
coefficient and resistance of the combination are measured,
being sure that the ¢ds and Cu,s are both connected to the end
electrodes. The cu,s is then etched off with RCN and the See-
beck coefficient and resistance of the remaining Cds ara mea-
sured. The Seebeck coefficient of the 1nitial and remaining
cds was the same 1n all experiments.

The analysis of this data is carried out by considering the
Cds - Cu,S combination as two thermoelectric generators with in-
ternal resistances connected in parallel. The equation for this



is also shown in Figure 3. This has shown the Cu,S always to
be p-type and with a carrier concentration of 101% to 1012 /cm3.
Resistivity can be calculated knowing the thickness of the
initial film, and the result i1s usually about 10-1 to 10"2
cm. n-type Cu,S has never been observed.

The carrier concentration of the Cu;S depends on the
original ¢ds which 1s n-type because 1t contains donor impuri-
Dies, These donors do not enter into the chemical reaction
and are incorporated in the cu,s layer. They will also act
as donors in Cu,s, reducing the hole concentration and con-
ductivity. High donor concentration cds produces low con-
ductivity Cu,s and the parallel combination shown in Figure 3
has bower conductance than the initial cds. Lower donor con-
centration Cds, produces high conductivity Cu,s. The par-
allel combination has a higher conductance than the initial
cds. Data from these experiments indicates the chemically
formed cu,s to have a carrier concentration in the range of
1018 o 1019/cm3. IF the cas - Cu,s combination is heated
In vacuum, nitrogen, Or argon, the room temperature resistance
Is increased, indicating a diffusion of the cu,s acceptors into
the bulk. However, if heating is carried out In air or oxygen,
the resistance decreases. The resistance of the cu,s layer
decreases by about an order of magnitude. The same type of
change occurs more slowly by simply exposing the cu,s - Cds
layer to room air. Consequently, 1t is evident that the major-
ity of the acceptors in this Cu,s are oxygen atoms.

ohm=

111. lonic Mobility

Having established that the materials of this device are
indeed semiconductors, it is clear that a p-n junction can
result 1T two pieces of the proper carrier concentrations are
placed i1n proper contact. Ideally, the energy diagram of the
result is as shown in Figure 4

The high mobility of the donor and acceptor ions iIn the
solid considerably complicates the description of the device.
That the 1ons must be mobile follows Immediately from the
manner in which cu,s is made. The chemical reaction is a
double displacement with two copper i1ons replacing one cadmium




Ion. This means that they must diffuse through the Cu,3 layer
which 1s formed. Nominal reaction temperatures are 100°C and
times are of the order of 1 minute to make 1 micron of Cu,s,
This means that 1029 to 1022 copper atoms diffuse into a 1
micron thick region in about 1 minute at 100°¢, In silicon,
1018 phosphorus or boron atoms diffuse into a 1 micron re-
gion in about 1 hour at g00°c, This iIndicates a high dif-
ference in mobilities and further implies that the properties
of silicon p-n junction and cds = Cu,$ junction will be widely
differing.

Analysis of the reaction kinetics in the solid allows the
calculation of i1onic diffusion constants. To begin, the chem-
ical reaction takes place at the iInterface between the solution
and solid ¢cds, In the solid, the processes are physical dif-
fusions. On immersing Cds in the cuprous ion solution, a
layer of cuy,s Is formed at the surface. The rate of formation
IS proportional to the amount of cds present. Copper 1ons enter
the solid and cadmium ions leave because of concentration grad-
ients, the rate being governed by the diffusion equation,
Mathematically, these are stated as:

._gﬁ C (x=0,t) = alC, = C(x=o,t)]
532 3
D %2 C(x,t) = TE C(x,t)

C = concentration of cu,s

Co= bulk concentration of Cds

a = proportionality factor which is temperature dependent

D = copper ion diffusion constant

X = distance into solid

These equations can be solved, resulting In an expression
which contains error functions with complex arguments. The
general nature of the concentrations at any time is shown in
Figure 5. Measurement of the concentration profile is difficult
and uncertain for the cell geometry, It Is easier to measure
the total amount of Cu,s formed as a function of time. For
this, the solution of the equation is intergrated and approxi-
mated for long and short periods. For long times, the reac-
tion i1s diffusion limited and the total mass has the familiar
tl/2 variation. For shorter times, the reaction is more de-



pendent on the surface reaction rate and the total mass varies
at £3/2, The exact expressions are:
8cp5/2 £3/2

M(t) = R short times
1/2
M(t) = ESQ%%T_ £1/2 long times

By weighing the mass of Cu,3 formed as a function of time,
the reaction limiting diffusion constant calculates to be
c(70°C) = 8 X 10-10 cmz/sec
This agrees with the findings of Clarkel.

By contrast, the diffusion constant for boron and phos-
phorus iIn silicon is of the order of 10757 cmz/sec at 100°cC.

This high 1onic mobility is also evidenced in the behavior
of the rectifying junction under applied field. To look at this,
let us first review the orthodox p-n junction, shown In Figure
6a. Here two materials have been brought into contact and to
smooth out discontinuities, some electrons have left the n-
region and entered the p-region, and some holes have gone from
the p-region to the n-region. Uncompensated positively charged
donor i1ons are iIn the n-region and uncompensated negatively
charged acceptor ions are in the p-region.

This takes place In a distance equivalent to one dif-
fusion length for the hole or electron. Typically, this will
be in the region of 0.1 micron. The result is a dipole charge
layer, positive In the n-region and negative iIn the p-region.

A field is produced which tends to move positive charges from
the n-region to the p-region. In the usual semiconductor, one
now applies Boltzmann statistics, Poisson’s equation and the
continuity equation, arriving at the familiar diode equation
relating the current and the potential difference across the
junction. qVv

B kT
I = Io (e -

In cds and Cu,8, however, the acceptor and donor ions are mobile.
The field in the junction moves donors i1nto the p-region and
acceptors iInto the n-region. This continues until the field 1is
balanced by concentration gradients in the usual manner. The

-1)

*Clarke, Raymond L. Journal of Applied Physics, Vol. 30,
Number 7, pp- 957-960, July, 1959.



effect of this iIs to broaden the junction, and in fact, to pro-
duce a region of microscopic extent which i1s almost Intrinsic as
shown in Figure séb. The geometry and properties of the junction
will depend on the i1onic mobilities. Obviously, if holes,
electrons, and i1ons all had the same mobility, a junction would
not exist.

The external manifestations of i1on mobility are hysteresis
in the dynamic I-V curve and an effect known as internal polar-
iIzation. The first of these is seen when the I-V curve is
traced at a finite speed, say 1 cycle per 10 minutes. Then the
ascending and descending branches are separated, as in Figure 7.
The second is seen by applying forward bias to the junction and
allowing the current to reach a steady state. The applied field
Is removed and a meter placed across the cell terminal, Power
will be delivered by the cell, on the order of microwatts/cmz.
The current produced will decay exponentially with time, time
constantsbeing about 3 minutes. Referring to Figure 6b again,
the origin of this effect is found in motion. of the i1ons. For-
ward bias places a potential difference across the junction which
IS negative on the n-side and positive on the p-side. This causes
donor ions to move back to the n-region and acceptors to the p-
region, and in the steady state concentration gradients again
balance the internal and applied fields. When the field is re-
moved, the ions return to their equilibrium positions, resulting
in a current flow. The Integrated current represents the total
charge involved and the time constant of the discharge allows
the calculation of an 1on mobility. We assume the steady state
field-applied condition to be two sheets of charge separated by
the junction width, about 1 micron. Then the following relation
holds : 2

TED

t = time constant = 3 minutes

W = junction width = 1074 cm (by capacitance measurement)

D = diffusion constant
D then calculates to be about 5 x 10-11 cm?/sec "at20°c, which
Is In good agreement with the value found from the chemical re-
action kinetics.



The time constant for the polarization can be increased
by widening the junction and decreasing the diffusion constant.
The phenomenon in Cds known as persistent internal polariza-
tion is undoubtedly produced in a wide junction with low dif-
fusion constant material.

It is also probable that the ion motion in the presence
of light generated fields accounts for the photorectifier
effect?, and the non-linear addition of currents generated by
differing colors of light. These are closely related to in-
frared quenching i1n photoconductors, and in fact, the whole

process known as trapping would appear to be due to the junc-
tion and mobile ions.

IV. Microscopic Picture of Junction Formation

Having examined the properties of the materials iIn a Cds
cell, it is now possible to follow the microscopic details of
the cell forming process. A pilece of crystalline cds iIs im-
mersed in the bath containing cuprous ions and a layer of
Cu,s from 0.1 to 1 micron thickness is formed. IT oxygen is
dissolved in the liquid, the layer can be doped at this time.
Usually, the bath iIs around 100°C, the oxygen concentration
is low, and the cu,s has low hole concentration. If the Cds
has a low enough donor concentration (1017 /ecm3 or less), a
p-n junction is formed immediately. This implies a background
hole concentration in the cu,s of about 1017/cm3. IT the
donor concentration is higher, there is no junction, and the
cell has a linear 1-V relationship. Metal contacts are attached
to the cds and Cu,s mechanically or by electroplating. A
diode now forms either by heating in air or by simply remaining
in room ambient. The exact behavior of the oxygen is \shown
in Figure 8. In part (a), the oxygen acceptors are iIn a com-
plementary error function distribution and the maximum at the
surface is less than the donor concentration, In (b} the
acceptors have reached the level of the donors and a junction
forms. This produces a field, which drives the acceptors
into the n-region, widening the junction and reducing the field.

2peynolds D. C., Green L. C., Antes L. L., Journal of Chemical
Physics, Vol. 25, No, 6, pp. 1177-1179, December, 1956.



The surface acceptor concentration reaches a level determined
by the atmospheric oxygen concentration. The junction width
depends on this concentration, the donor concentration and the
fionic diffusion constants. Heating the cell raises the dif-
fusion constants and the junction widens, evidenced by a de-
Crease In junction capacitance. Junction width will be essen-
tially independent of the hole and electron lifetimes and dif-
fusion length and will consequently not be depleted of charge.
Hole-electron pairs generated in the junction will be separated,
but the quantum yield will probably be significantly less than
unity. Optimally, the junction will extend almost to the
surface and look like (c).

Conclusion

A model of the cds solar cell has been outlined In which
the active elements are those things we know to exist (phy-
sically), that is, holes, electrons, acceptor and donor ions.
The materials are semiconductors which follow Fermi Dirac
statistics and conventional band theory. The unusual features
of the device are seen to depend on highly mobile ions and in
fact the high power conversion efficiency depends on them. This
Is consistent with the process by which the device is made,
which also requires highly mobile ions. The similarity in pro-
perties between the cds solar cell and the cds photoconductor
leads to the suspicion that traps are really mobile ions in
junctions.

We wish to thank Dr. Robert Moss for his help in guiding
physicists through the chemical jungle and Dr. Noel K. Pope
for his invaluable guidance and advice i1n all aspects of the
theory.
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Fig. 6a ENERGY DIAGRAM FOR ORTHODOX p-n JUNCTION
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Fig. 6b ENERGY DIAGRAM FOR A p-n JUNCTION WITH MOBILE IONS
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